Background: Glioma is one of the most common malignant tumors. Glioblastoma (grade IV) is considered the most malignant form of human brain tumors. Maternal expression gene 3 (Meg3) encodes a non-coding RNA (ncRNA) that plays an important role in the development and progression of cancer. However, the role of Meg3 in glioma cells remains largely unclear. Methods: Reverse transcription-quantitative (RT-q) PCR was conducted to evaluate the mRNA expression related to cell autophagy and EMT while protein expression was detected by Western blotting. Staining of acidic vacuoles and immunofluorescence staining were used to detect autophagy. The ability of cells to migrate and invade was detected by Transwell migration and invasion assays. Results: In the present study, it was found that the overexpression of Meg3 induced EMT, migration and invasion of glioma cells, whereas Meg3 overexpression induced autophagy of glioma cells. More importantly, the inhibition of autophagy impaired the EMT of glioma cells. In addition, Meg3-induced EMT, migration and invasion could be partially reversed by autophagy inhibitors, chloroquine (CQ) and Lys05, in glioma cells. Conclusion: All data suggest that Meg3 induces EMT and invasion of glioma cells via autophagy. Overall, the findings of the present study demonstrate the importance of Meg3 in the molecular etiology of glioma, which also indicate its potential applications in the treatment of glioma.
Introduction
Glioma is one of the most frequent malignant tumors with a high recurrence rate. 1 According to the classification of WHO, gliomas could be categorized into four distinct histopathological grades, grades I, II, III and IV. Glioblastoma (grade IV) is considered the most malignant form of human brain tumors. 2 Due to the feature of the invasive growth of glioma, it has no perceptible boundaries with the normal brain tissue 3, 4 and is difficult to be completely resected, whereas simple to revert owing to resistance to radiotherapy as well as chemotherapy. [5] [6] [7] Despite substantial advances in the understanding of the molecular status of this tumor type, new effective treatment is still necessary. As such, it is important to identify new mechanisms associated with the development of glioma, as well as to establish possible therapeutic targets for its treatment. Long non-coding RNA (lncRNA) is a transcript with more than 200 nucleotides and has little coding power for functional proteins. Increasing evidences have shown that lncRNA could regulate gene expression at different levels, including transcription, post-transcription and epigenetic regulation. [8] [9] [10] The abnormal expression of lncRNA has been found in a variety of cancer types. For example, some studies have shown that lncRNA participated in the promotion of tumor growth, angiogenesis and metastasis through various mechanisms. 11, 12 However, other studies showed that lncRNA inhibited the development and progression of cancer. 13 Recently, several studies have shown that Meg3 played different roles in different cancer types. For example, the overexpression of Meg3 inhibited epithelial-mesenchymal transition (EMT), migration and invasion of cervical cancer. 14 Similarly, in human pancreatic cancer, Meg3 knockdown promoted cell migration and invasion, and induced EMT. 15 However, Meg3 contributes to the EMT phenotype, migration and invasion of HCC (Hepatocellular carcinoma) cells. 16 Nevertheless, the role of Meg3 in EMT and invasion has not been well explored in glioma cells. Autophagy is a conservative cellular pathway that can remove dysfunctional or damaged organelles. 17 Cells redigest their own organelles and proteins, therefore maintaining macromolecule synthesis during autophagy. Currently, the role of autophagy in cancer is still controversial, since they may inhibit tumors in the development of cancer, but also promote cell survival during the progression of cancer. 18 Recently, some studies indicate the association between tumor autophagy and tumor EMT and invasion. The inhibition of autophagy can damage the EMT and invasion of cancer cells.
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According to a study, EMT is a pivotal regulator of metastasis, by promoting the invasion of tumor cells and the spread to distant organs. 20 In human non-small cell lung cancer cells, Fasone inhibits migration and invasion by attenuating EMT. 21 The depletion of lncRNA DNM3OS inhibits the migration and invasion of gastric cancer cells by suppressing snail-mediated EMT. 22 In human U251 glioma cells, β-Asarone suppressed EMT and invasion through the inhibition of the splicing factor HnRNP A2/B1. 23 Furthermore, it is noteworthy that there is growing evidence that autophagy inhibitors could enhance the efficacy of treatment of different cancer types. 24, 25 The present study demonstrated that Meg3 induced EMT, migration, invasion and autophagy of glioma cells. Additionally, autophagy inhibitors reversed Meg3-induced EMT, migration and invasion. These results showed that Meg3 may be a potential therapeutic target for glioma.
Materials and Methods

Primary Cell Isolation from Patient-Derived Tumor Tissue
Tumor tissues were dissected from patients, ≥18 years of age with primary GBM tumors, during surgery in the Neurosurgery Department of The Second Affiliated Hospital of Anhui Medical University (Hefei, China) and collected in sterile Hibernation media and transported to the laboratory on ice within 1 hr. Patient-derived tumor tissue was cut into small pieces with a scalpel and digested for 30 min at 37°C enzymatically in a mixture consisting of Papain (20 µ/mL, #LK003176, Worthington) and DNase (2000 µ/ mL, #LK003170, Worthington). Ovomucoid inhibitor (10 mg/mL, #LK003182, Worthington) was used to stop the enzymatic activity at room temperature and an erythrocyte lysis was performed for further 20 min at room temperature. Seed the primary GBM cells into a GelTrex or Matrigel-coated plastic flask and cultivate in RPMI 1640 (R8758, Sigma) supplemented with 10% FCS (F7524, Sigma) and 1% penicillin/streptomycin (P0781, Sigma). Two primary cell lines (T76, H34) isolated from patient tumor tissue were included in this experimental study. This study was approved by the Research Ethics Committee of The Second Affiliated Hospital of Anhui Medical University. Informed consent was obtained from all the patients.
Cell Culture and Transfection
The human glioma U87, U251MG and A172 cell lines were obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences, Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China), where they were characterized by DNA fingerprinting and isozyme detection. All cell lines were cultured in Dulbecco's Modified Eagle's medium (DMEM; Hyclone; GE Healthcare Life Sciences)/ high sugar supplemented 10% fetal bovine serum (FBS, Gibco; Thermo Fisher Scientific, Inc.), 100 U/mL penicillin and 100 U/mL streptomycin (Hyclone; GE Healthcare Life Sciences). The cells were maintained at 37°C, and the humidity was maintained at 5% CO 2 . Based on this culture state, the medium of the cells was changed every 2 days.
Cell transfection was implemented in glioma cells (2×10 RT-qPCR was conducted using the following primers according to the manufacturer's protocol: MEG3 forward, 5′-ATCATCCGTCCACCTCCTTGTCTTC-3′; MEG3 reverse, 5′-GTATGAGCATAGCAAAGGTCAGGGC-3′; LC3B forward, 5′-GCAGTGGAGGGGATGACC-3′; LC3B reverse, 5′-TGACGACGAGGATTGCTCTG-3′; P62 forward, 5′-ATC GGAGGATCCGAGTGT-3′; P62 reverse, 5′-TGGCTGT GAGCTGCTCTT-3′; ATG3 forward, 5′-ATGGGAGTTGGC GAAGGCAAGT-3′; ATG3 reverse, 5′-AGCTCCACGTATC GAAGACAGC-3′; ATG5 forward, 5′-TCAGCCACTGC AGAGGTGTTT-3′; ATG5 reverse, 5′-GGCTGCAGATGGA CAGTTGCA-3′; LAMP1 forward, 5′-TGACAAGGCTTC TCAACATC-3′; LAMP1 reverse, 5′-CATTCATCCCGA ACTGG-3′; ZEB1 forward, 5′-ACTCTGATTCTACACCGC -3′; ZEB1 reverse, 5′-TGTCACATTGATAGGGCTT-3′; ZEB2 forward, 5′-TGAGGATGACGGTATTGC-3′; ZEB2 reverse, 5′-ATCTCGTTGTTGTGCCAG-3′; BECLIN-1 forward, 5′-AGCACCATGCAGGTGAGCTT-3′; BECLIN-1 reverse 5′-TGACACGGTCCAGGATCTTG-3′; GAPDH forward, 5′-AGCAAGAGCACAAGAGGAAG-3′; GAPDH reverse, 5′-GGTTGAGCACAGGGTACTTT-3′. GAPDH was performed as an internal control.
Western Blot Analysis
RIPA pyrolysis buffer and PMSF (Beyotime, China) were used to lyse glioma cells. After the preparation of all the extracts, the protein concentration was determined by BCA protein assay kit (Wuhan Boster Biological Technology, Ltd.). The whole cell extract (25 mg or 45 mg) was then separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The gel was run under 80V for 30 min and then at 120V for 70 min, followed by transfer to PVDF membrane (EMD Millipore). After blocking the binding of non-specific proteins, the nitrocellulose membrane was imprinted at room temperature and incubated for 1 h with the first resistance diluted in TBS/Tween20 (0.075%) containing 5% skim milk. Rabbit Polyclonal Anti-LC3B (cat. no. D163557; Cell Signaling Technology, Inc.) was diluted 1:1000. Rabbit polyclonal anti-P62 (BIOSS) was diluted 1:1000. Rabbit polyclonal anti-BECLIN-1 (Santa Cruz Biotechnology, Inc.) was diluted 1:1000. Rabbit polyclonal anti-LAMP1 (ProteinTech Group, Inc.) was diluted 1:1000. Rabbit polyclonal anti-ZEB1 (cat. no. ab124512; Abcam) was diluted 1:1000. Rabbit polyclonal anti-ZEB2 (cat. no. ab138222; Abcam) was diluted 1:1000.
Mouse polyclonal anti-beta-actin (Santa Cruz Biotechnology, Inc.) was diluted 1:1000. After incubation with the first antibody, the imprinting was washed in TBS/Tween-20 four times, and then incubated for 2 h with goat anti-mouse or mouse anti-rabbit horseradish peroxidase-conjugated antibodies containing 1:10,000 dilution of TBS/Tween-20, including 5% milk. Following washes in TBS/Tween-20, the imprinting was washed with distilled water and the protein was detected by enhanced chemiluminescence system. Protein observation was done using ECL-Chemiluminescence kit (ECL-plus, Thermo Fisher Scientific, Inc.).
Immunofluorescence Staining
Cells were inoculated on the cover slide of a 6-well plate and cultured overnight. 
Staining of Acidic Vacuoles
Cells were cultured overnight on 6-well flat cover slides, washed with PBS, stained with acridine orange (1 ug/mL in PBS) for 15 min at 37°C. Then, cells were washed with PBS and observed with a fluorescence microscope (Olympus Corporation), utilizing the CEIN filter set.
Migration and Invasion Assays
Cells were plated (1×10 4 for migration assay; 8×10 4 cells for invasion assay) on top of polycarbonate transwell filter without matrigel for transwell assay or covered in matrigel for transwell matrix permeation assay in the top chamber of QCM 24-pore cell invasion assay (Cell Biolabs, Inc.). For the migration assay, cells were suspended in serum-free medium which was in the basement chamber. For the invasion assay, cells were suspended in serum-free medium and serum-supplemented medium was used as chemical attractant in the basement chamber. Cells were incubated for 8 h (transwell assay) or 48 h (invasion assay) at 37°C. Non-migrating or non-invasive cells were removed from the parietal chamber with a cotton swab. The migrated and invaded cells on the submucosal surface were immobilized in 100% methanol for 10 mins, air dried, and then stained with 0.005% (w/v) crystal violet, and quantified under a microscope. The number of migrated cells was quantified by counting those in five random fields of each membrane. Three independent experiments were performed.
Statistical Analysis
The experimental data are presented in the form of the mean ± SD. Student's t-test and the one-way analysis of variance (ANOVA, Tukey) was performed by SPSS 17.0 statistical software. P<0.05 was used to indicate a statistically significant difference.
Results
Meg3 Induces EMT, Migration and Invasion in Glioma Cells
To explore the functions of Meg3 in glioma, the expression of Meg3 was detected in several glioma cell lines and patientderived glioma cell lines. The results showed that the abundance of Meg3 in U87 and U251 glioma cell lines was low ( Figure  S1A) ; thus, U87 and U251 cell lines were selected to perform subsequent experiments. We speculated that it was difficult to observe the phenotype of cells by knockdown of Meg3. Therefore, we observed the phenotype of cells in overexpressed Meg3. Meg3 plasmid was transfected into U87 and U251 glioma cells. As shown in Figure S1B , Meg3 expression was markedly increased in glioma cells transfected with Meg3 plasmid compared with vector. Meg3 overexpression induced a spindle-shaped morphology, a more mesenchymal cell-like morphology in U87 and U251 glioma cells after culturing for 3 weeks compared with vector groups ( Figure 1A) . RT-qPCR assays demonstrated significantly increased mRNA levels of ZEB1 and ZEB2, known as EMT markers, in U87 and U251 glioma cells that were transfected with Meg3 plasmid compared with vector groups ( Figure 1B ). In addition, Western blot assay results showed that the overexpression of Meg3 resulted in remarkedly increased protein expression of ZEB1 and ZEB2 ( Figure 1C and D) . By transwell assays, it was found that the overexpression of Meg3 significantly increased the migration and invasion of U87 and U251 glioma cells ( Figure 1E ). These findings indicate that Meg3 is a promoter of glioma EMT, migration and invasion.
Meg3 Induces Autophagy in Glioma Cells
Staining the cells with acridine orange indicated that Meg3 overexpression resulted in increased amounts of acidic vacuoles, which is consistent with the formation of autophagosomes compared with cells transfected with the vector group ( Figure 2A) . Moreover, an elevated immunofluorescence signal of LC3B was observed in U87 and U251 glioma cells transfected with Meg3 plasmid compared with vector ( Figure 2B ). As shown in Figure 3A -E, Meg3 overexpression increased the mRNA levels of autophagy-associated genes such as ATG3, ATG5, BECLIN-1, LAMP1 and LC3B. Similarly, an increase in the protein levels of LC3B, BECLIN-1, LAMP1 and decrease in SQSTM1/P62 were observed in the Meg3-transfected group compared with the vector group ( Figure 3F and G). However, no significant change in expression of ATG3 and ATG5 proteins was observed ( Figure S1D ). Overall, the results confirm that Meg3 could induce autophagy in glioma cells.
Autophagy Inhibitors Suppress EMT of Glioma Cells
To explore the role of autophagy in EMT, U87 and U251 glioma cells were treated with CQ or Lys05, known as autophagy inhibitors, in indicated concentration for 24 h. CQ and Lys05 produced equivalent dose-dependent increases in the LC3BII/LC3BI ratio, accumulation of the autophagy cargo protein p62, indicating that CQ and Lys05 could suppress cell autophagy in glioma cells (Figure S1I-L). As shown in Figure 4A , U87 and U251 glioma cells were changed from mesenchymal morphology to epithelial morphology treated with CQ or Lys05. In addition, the protein levels of ZEB1 and ZEB2 were reduced in CQ-and Lys05-treated glioma cells for 24h in a dose-dependent manner ( Figure 4B -E). These results indicated that autophagy inhibitors suppress glioma EMT.
Suppressing Autophagy Reversed Meg3-Induced EMT in Glioma Cells
To investigate whether Meg3 induced EMT in U87 and U251 glioma cells by autophagy, first, we selected CQ to detect whether autophagy inhibitors have an effect on Meg3 expression in glioma cells. The result showed that the expression of Meg3 in U87 and U251 glioma cells treated with CQ (100μm) for 24h had little changed compared with the control group ( Figure S1C ). Afterwards, glioma cells were transfected by Meg3 plasmid and then added CQ (100μm) or Lys05 (10μm). As shown in Figure 5A -D, Meg3 overexpression increased the mRNA expression levels of ZEB1 and ZEB2, whereas CQ treatment partially (100μm) or Lys05 (10μm). The overexpression of Meg3 increased the number of migrating and invading cells compared with the control group, CQ treatment significantly decreased the migrating and invading cells induced by Meg3 ( Figure 6A and B) . Similarly, Lys05 treatment reversed the increase in migrating and invading cells induced by Meg3 ( Figure 6C and D) . These data indicate that Meg3-induced migration and invasion could be blocked by suppressing autophagy in glioma cells.
Discussion
Recent studies have shown that lncRNA is imbalanced in several tumors and plays a key role in the biological processes of tumor, such as migration and invasion. [26] [27] [28] Some studies have reported the role of lncRNAs in EMT of glioma cells. For instance, lncRNA UCA1 is reported to be necessary for EMT of glioma cells induced by TGF-β. 29 It was demonstrated that the knockdown of lncRNA SPRY4-IT1 inhibits EMT in glioma cells. 30 Meg3 is continually imbalanced in human cancer, and is associated with the EMT of cancer cells. 31 In our previous study, we detected the expression of Meg3 in glioma samples and found downregulation of Meg3 in GBM samples compared to nonneoplastic brain tissue. Furthermore, the loss of Meg3 expression caused by hypermethylation induced proliferation and repress apoptosis in gliomas. 32 But our later study found that overexpression of Meg3 induced EMT and invasion in glioma cells. These may be due to the complexity of biological processes in the occurrence and development of cancer and need further research. The findings of the present study showed that Meg3 changed the morphology of glioma cells to be a spindle-shaped morphology. In addition, Meg3 increased the expression of EMT-associated genes, such as ZEB1, ZEB2. Consistent with a previous study, Meg3 regulates EMT by epigenetic repression of the E-cadherin regulatory region in lung cancer cell lines. 33 In addition, abnormal expression of the ZEB family has been reported in many cancer types, which is involved in tumor invasion and metastasis. [34] [35] [36] Orellana-Serradell et al reported that the overexpression of ZEB family induced EMT and promoted invasion in prostate cancer cells. 37 In glioblastoma, members of the SNAI family, the invasiveness of GBM cells in vitro and in vivo. 38, 39 Siebzehnrubl et al reported that the knockdown of ZEB family can inhibit cell invasion in glioblastoma (GBM). 40 The present study demonstrated that the overexpression of Meg3 promoted the expression of ZEB family and the ability of glioma cells to migrate and invade. These results suggest that Meg3 may promote the migration and invasion of glioma cells by inducing EMT. Generally, autophagy is a multistage process regulated by a variety of autophagy-associated proteins. In the present study, it was found that overexpression of Meg3 increased the number of acidic vacuoles consistent with autophagosomes. As for the expression of autophagyassociated genes, the immunofluorescence signal of LC3B in glioma cells transfected with Meg3 was increased. In addition, the expression of LC3B, Beclin-1 and LAMP1 was increased, whereas the expression of P62 was decreased in glioma cells transfected with Meg3. These results suggest that Meg3 induces autophagy in human glioma cells. In addition, the upregulation of Meg3 induced autophagy in epithelial ovarian cancer. 41 However, the downregulation of Meg3 activates autophagy in bladder cancer. 42 The effect of Meg3 on autophagy was found to be different in different tumors; this is speculated to be due to the specificity of different tumors. CQ, a known inhibitor of autophagosome-to-lysosome fusion, is widely used to monitor autophagic flux. CQ, traditionally used as an antimalarial drug, is the only autophagy inhibitor approved by the Food and Drug Administration of the United States. 43 In addition, CQ showed a concentration- dependent anti-tumor effect in glioma cells. 44 Lu et al found that CQ blocked autophagy-induced cell migration and GBM infiltration. 45 Furthermore, some relevant clinical studies of CQ in the treatment of brain tumor have been reported. In a double-blinded clinical trial involving 30 patients with glioblastoma multiforme (NCT00224978) (a Phase III clinical trial), randomizing eligible patients with surgically confirmed glioblastoma to receive conventional chemotherapy and radiotherapy plus placebo or 150 mg/day CQ per os, the result showed CQ-receiving patients exhibited an imp roved mid-term survival as compared with their control counterparts. 46 CQ has also been evaluated for its ability to boost the therapeutic activity of whole-brain radiation therapy (WBRT) in 20 patients bearing intracranial metastases of various histological derivation (NCT01894633). In the context of this single-cohort Phase II clinical study, the results showed that WBRT with concurrent, short-course CQ is well tolerated in patients with brain metastases and the high intracranial disease control rate warrants additional study. 47 Lys05, another autophagy inhibitor, accumulates more effectively in lysosomes and deacidifies them, resulting in damage to autophagy. 48 Furthermore, Lys05 is an effective autophagy inhibitor with single-drug anti-tumor activity. 49 It is reported that Lys05 can effectively inhibit autophagy of clear cell ovarian cancer and hepatocellular carcinoma. 50, 51 The present study demonstrated an equivalent dose-dependent increase in the LC3BII/LC3BI ratio and the accumulation of autophagic cargo protein p62 in glioma cells treated with CQ or Lys05. Thus, CQ and Lys05 could effectively inhibit autophagy in glioma cells. Following several weeks of culture, glioma cells treated with CQ or Lys05 converted from mesenchymal morphology to epithelial morphology. In addition, the expression of ZEB1 and ZEB2 decreased in a dose-dependent manner in CQ-or Lys05-treated glioma cells, suggesting that autophagy inhibitors inhibit EMT in glioma cells. Subsequently, the data and information obtained during the present study indicate that autophagy flux is critical for the EMT, migration and invasion of Meg3-induced glioma cells. It was found that the expression of ZEB1 and ZEB2 in glioma cells transfected with Meg3 was increased, whereas the expression of ZEB1 and ZEB2 was inhibited in glioma cells transfected with Meg3, following treatment with autophagy inhibitor CQ. Furthermore, overexpression of Meg3 resulted in the promotion of glioma cell migration and invasion, which was inhibited following treatment of Meg3-transfected glioma cells with CQ. To further validate the results, another autophagy inhibitor, Lys05, was used and the results were consistent with CQ. Thus, the present study demonstrated that blocking autophagy resulted in decreased expression of EMT-associated proteins and decreased the ability of glioma cells to migrate and invade. It is noteworthy that other studies showed that glioma cells require the autophagic process to migrate, and the downregulation of some autophagy genes limits the ability of cells to migrate and invade. 19, 52 Other report has also indicated that autophagy-associated gene SQSTM1 is associated with EMT. 53 Moreover, TGF-β2 can induce autophagy to promote the invasion of glioma cells through Smad and non-Smad pathways. 54 But other than that, some evidence indicates that the activation of the autophagy acts to prevent EMT in cancer cells. Myriam Catalano et al demonstrated that silencing of autophagy-related genes 5 (ATG5), ATG7, or Beclin-1 could enhance the EMT process and increase cell motility and invasiveness by overexpression of SNAIL and SLUG, two of the major transcription factors of the EMT process in glioblastoma cells, and nutrient deprivation or treatment with mTOR inhibitors would attenuate cell migration and invasion by inducing autophagy. 55 As a"double-edged sword", autophagy might exact the opposite effects on tumor development in different tissue or development stages of cancer. 56 In a word, these findings provide a new opportunity to discuss the association between autophagy and EMT, migration and invasion. However, the exact mechanism of autophagy affecting EMT is unclear, and further exploration is required in the future. We explored the effect of Meg3 on the invasion of glioma cells and its potential mechanism in vitro. we will conduct in vivo experiments to test whether the effect of Meg3 on invasion and its potential mechanism are consistent with the results of in vitro experiments. Overall, the present study suggests that Meg3 induced EMT, migration and invasion of U87 and U251 glioma cells, and provides a novel role for autophagy in these processes. In addition, the findings of the present study may aid in guiding the use of CQ and Lys05 for clinical application. Furthermore, the present study demonstrates the potential of identifying novel options to treat glioma and to inspire new ideas to update the current knowledge on cancer.
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